Introduction
Propene is the simplest molecule having a single methyl rotor adjacent to a carbon-carbon double bond (see Figure 1 ). It represents a prototypical molecule with which to study hindered rotations and has therefore been studied extensively in the past by various spectroscopic methods. Lide and Mann 1 and Herschbach and Krisher 2 were the first to measure the microwave spectrum of propene and to determine the tunneling splittings associated with the internal rotation of the methyl group.
The complete substitution structure of propene (r s ) was derived by Lide and Christensen, 3 who studied seven singly-substituted isotopomers, and was further refined by Hirota and Morino 4 who obtained and analyzed the spectra of several doubly-deuterated species. A full set of rotational constants, centrifugal distortion constants and internal rotation parameters have been determined from microwave and millimeter-wave spectra. 5, 6 High-resolution spectroscopic information on several excited vibrational levels of propene has also been reported (see Ref. 7 and references therein). Demaison and Rudolph 7 have calculated the equilibrium structure of propene ab initio and compared it to the equilibrium structures derived from experimental results.
Whereas the spectroscopic properties of the electronic ground state of propene are known with high accuracy, no high-resolution spectroscopic information is available on the propene cation.
Although the He(I) photoelectron spectrum of propene has been measured and compared to the photoelectron spectra of other monosubstituted ethylenes 8 and several planar unsaturated aliphatic compounds, 9 the vibrational structure of the photoelectron spectrum of the ground state of the propene cation was only resolved recently by Burrill and Johnson 10 using mass-analyzed threshold ionization spectroscopy. Until the present study, no information on the rotational structure of the propene cation was known.
Resolving the rotational structure in the photoelectron spectra of large asymmetric-top molecules represents a considerable experimental challenge, but would be necessary in order to obtain structural information on the cations and, in the case of molecules undergoing large amplitude motions, to study how the removal of an electron affects these motions.
We present here a high-resolution pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) pho-toelectron spectroscopic study of the origin band of the X + 2 A ← X 1 A transition in propene-h 6 and propene-d 6 that enabled us to derive the rotational constants of the cationic species and to determine the adiabatic ionization energy of propene.
Experimental
A vacuum ultraviolet (VUV) laser system 11 with a Fourier-transform-limited bandwidth of better than 0.01 cm −1 was used in combination with PFI-ZEKE photoelectron spectroscopy to measure the origin bands of the photoelectron spectra of propene-h 6 and propene-d 6 at high resolution. The laser setup and the procedure for the calibration of the tunable VUV radiation have been described in Refs. 11,12 and only aspects specific to the present study are summarized here. The VUV radiation was generated by resonance-enhanced difference-frequency mixing (
by locking the wave number ν 1 of the tripled output of a first dye laser to the position 2 ν 1 = 94093.032 cm −1 located close to the maximum of the (4p) 5 
two-photon resonance in krypton. The locking was achieved by stabilizing the fundamental frequency of the dye laser to a neighboring hyperfine component of I 2 . 13 The VUV wave number was scanned by tuning the wave number ν 2 of a second dye laser which was calibrated by recording the laser-induced fluorescence spectrum of I 2 . The VUV wave number was determined with an accuracy of better than 0.02 cm −1 as the difference 2 ν 1 − ν 2 .
Mixtures of about 20% propene-h 6 (Aldrich, purity ≥99%) or propene-d 6 (Aldrich, isotopic purity of 99%) in Ar at a total stagnation pressure of 2.5 bar were introduced into the chamber through a pulsed nozzle (General Valve) and cooled to a rotational temperature of ≈ 8 K in a supersonic expansion. The supersonic beam was skimmed and subsequently intersected the VUV laser beam at right angles in the photoionization region. 14 To achieve high-resolution in the photoelectron spectra, a multipulse electric-field sequence, 15, 16 delayed by 2.0 µs relative to the time of photoexcitation and optimized to field ionize narrow slices of the pseudo-continuum of high-n Rydberg states below each ionization threshold, was applied.
The electric fields also accelerated the electrons toward a microchannel-plate detector located at the end of a magnetically shielded time-of-flight tube. In the case of propene-h 6 , the pulse sequence consisted of nine electric field steps: a positive discrimination pulse of 167 mV/cm and 1 µs dura- 
Results and discussion
The PFI-ZEKE photoelectron spectra of the origin band of the X + ← X transition of propene-h 6 and propene-d 6 are shown in Figure 2 and Figure 3 , respectively. Because of the higher degree of spectral congestion and the poorer signal-to-noise ratio of the spectrum of propene-d 6 , two PFI-ZEKE photoelectron spectra obtained from two different field ionization pulses (−183 mV/cm and −150 mV/cm) are presented (traces (a) and (c)) to give an impression of the reliability of the measured spectral patterns. The corresponding calculated spectra based on the rovibronic photoionization selection rules presented in Ref. 17 and the orbital ionization model described in Ref. 18 are displayed for comparison below the experimental spectrum in Figure 2 and between 4 the two experimental spectra in Figure 3 .
The rovibronic photoionization symmetry selection rules can be determined from 17
where is the angular momentum of the outgoing photoelectron partial wave, Γ rve (Γ + rve ) represents the irreducible representation of the rovibronic state of the neutral (cation), and Γ * the dipole moment representation of the molecular symmetry group, i.e. the representation which has character −1 for all operations that contain the inversion E * and a character of +1 otherwise. 19 Eq. (1) 
The rovibronic symmetry selection rules depend on the parity of the outgoing electron partial wave because even-partial waves transform as A and odd-partial waves as A (= Γ * in the C s (M)).
The experimental resolution of about 0.15 cm −1 achieved in the present measurements allowed for the partial resolution of the rotational structure of the photoelectron spectra (see Figure 2 and Figure 3 ). To analyze the structure observed in the spectrum of C 3 H 6 , the rotational constants of the neutral ground state derived in Ref. 5 from a global fit of A and E lines observed in the microwave and millimeter wave spectra were adopted. The adiabatic ionization energy and the rotational constants of the cationic ground state were then optimized in an iterative procedure in which the temperature and the relative intensities of the different branches were also modified.
Once a satisfactory agreement between observed and calculated spectra was reached, ten lines of the experimental spectrum corresponding to single transitions were identified and used to refine the rotational constants of the ion and the adiabatic ionization energy in a least-squares fit (see Table 1 ). The fit yielded the results summarized in the fourth row of Table 2 . A final slight adjustment of the rotational constants was then undertaken which yielded the calculated spectrum presented in Figure 2 (trace (b)) and the set of spectroscopic constants listed in the third row of Table 2 . The uncertainties in these parameters represent the range of parameter values for which the agreement between the calculated and measured spectra is satisfactory.
The value of the adiabatic ionization energy of propene-h 6 determined here (78602.00(40) cm The same weights with a rotational temperature of ≈ 7 K were also used to calculate the intensity distributions observed in the PFI-ZEKE photoelectron spectrum of the origin band of the X + ← X transition in C 3 D 6 displayed in Figure 3 (traces (a) and (c)). The rotational structure and assignment are similar to those of propene-h 6 with the main difference that the spectral congestion is more pronounced. Perdeuterated propene has not been studied by microwave spectroscopy and consequently the rotational constants of the neutral ground state had to be estimated in order to reproduce the rotational structure of the cation in our calculations. Using the substitution structure derived in Ref.
3, the differences in the moments of inertia ∆I i (i = a, b, c) between propene-h 6 and its fully deuterated isotopomer could be calculated. 21 The moments of inertia of C 3 D 6 were then 7 determined according to the relation:
where I i (h 6 )(expt.) are the moments of inertia of C 3 H 6 determined in Ref. 5 . The calculated rotational constants of neutral perdeuterated propene are listed in the lower part of Table 2 . The accuracy of these rotational constants is amply sufficient for the present purpose and their values were therefore kept fixed in the analysis of the experimental spectrum. Following the same procedure as described above for C 3 D 6 led to the values of the adiabatic ionization energy and the rotational constants of the cationic ground state summarized in the last row of Table 2 .
The calculated spectra presented in Figure 2 and Figure 
Conclusions
The present study of the origin band of the X + ← X transition of the photoelectron spectrum of propene and its fully deuterated isotopomer has enabled the determination of the first adiabatic ionization energy and the derivation of the rotational constants of both C 3 H investigations would be required to provide insight into these interactions.
The development of ZEKE photoelectron spectroscopy by Müller-Dethlefs et al. 23 25 years ago was an important step in the evolution of photoelectron spectroscopy toward a spectroscopic method with which information on the rovibrational energy level structure of molecular cations can be obtained. Thanks to the continual improvement of its resolution resulting from the exploitation of electric field ionization sequences, 15, 24, 25 PFI-ZEKE photoelectron spectroscopy, initially applied to resolve the rotational structure in the photoelectron spectra of diatomic molecules, has rapidly been applied to obtain information on the rovibrational photoionization of more com- ethene, 31, 32 and allene. 33 The present results on propene illustrate the possibility of partially resolving the rotational structure in single-photon photoelectron spectra of structurally more complex molecules. This possibility results in the following advantages: The rotational structure of a photoelectron spectrum enables the determination of the vibronic symmetry of the cationic states by means of rovibronic photoionization selection rules; it permits the distinction between different conformers of the neutral or ionized molecule, it gives access to the rovibronic photoionization dynamics and provides 9 information on the electronic structure. 
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